We show that the deposition of energy in nitrogen by a train of ultrafast pulses can be greatly enhanced or diminished using multiple pulses spaced near the molecular rotational revival or half revival period.
Insets (1), (2) and (3) in Fig. 1 show examples of the measured relative gas density change for three delays. Hydrodynamic simulations verify that the density hole depth is proportional to the energy deposited by the laser pulse [7] . The deepest change in density, near t 1 = T and t 2 = 2T, corresponds to the situation where each pulse in the train excites the molecules at the full revival from the previous pulse. Other features in the plot can be understood as resonances involving fewer pulses, e.g., the vertical bar (t 1 = T, t 2 = 2T + ∆t) is where the first two pulses and second two pulses are resonant, but the delay between the second and third pulses is not. Figure 1(b) shows the calculated absorbed energy in N 2 (averaged over the confocal parameter of the pump beam) as a function of the (t 1 , t 2 ) scan of a 4-pulse train using the experimental pulse parameters as inputs. In order to estimate the absorbed energy, we numerically solved for the time evolution of the density matrix for the ensemble of molecules [5] . Comparison to Fig. 1(a) shows very good agreement between experiment and theory, with the resonance bars in the simulation decaying somewhat faster from the heating peak than in the experiment, an effect we are investigating. A similar experiment and simulation were performed for O 2 gas, likewise with good agreement. The simulations predict dramatic ionization-free heating of as much as 30 meV/molecule (∆T~350 K) at the pump beam waist, which is only matched by a ~100 eV filament plasma (with electron density 2×10 16 cm -3 [8] ) In another experiment we show it is possible to first excite the ensemble and then de-excite it well within the decoherence time over which it would normally thermalize and fully heat the gas. The first pulse was used to excite the ensemble. We scanned the arrival time of the second pulse, t 1 , near T/2 ~ 4.16 ps, the half-revival period of nitrogen. The blue curve in Fig. 2 shows the measured depth of the density hole reduced by ~65% at the half-revival delay, while the simulation (shown in red) shows an absorption reduction of ~82%. In essence, energy from the first pulse invested in the wavepacket ensemble is coherently restored to the second pulse. Figure 3 shows rotational absorption of a single pulse as a function of intensity. For peak pump intensities of 40 TW/cm 2 , below the ionization threshold of argon, we measured induced density depressions in the diatomic gases, but none in argon to within our measurement uncertainty. At intensities below the ionization threshold, the energy absorbed by N 2 and O 2 has a roughly quadratic dependence on intensity, as expected for two-photon Raman absorption [2] . The curves deviate from the quadratic dependence at higher intensity, where absorption due to ionization strongly contributes. Notably, our results show that at typical femtosecond filament clamping intensities of ~50 TW/cm 2 , the greatly dominant source of laser energy deposition is rotational absorption and not ionization.
